Dynamic posttranslational modification of serine and threonine residues of nucleocytoplasmic proteins by β-N-acetylglucosamine (O-GlcNAc) is a regulator of cellular processes such as transcription, signaling, and protein-protein interactions. Like phosphorylation, O-GlcNAc cycles in response to a wide variety of stimuli. Although cycling of O-GlcNAc is catalyzed by only two highly conserved enzymes, O-GlcNAc transferase (OGT), which adds the sugar, and β-N-acetylglucosaminidase (O-GlcNAcase), which hydrolyzes it, the targeting of these enzymes is highly specific and is controlled by myriad interacting subunits. Here, we demonstrate by multiple specific immunological and enzymatic approaches that histones, the proteins that package DNA within the nucleus, are O-GlcNAcylated in vivo. Histones also are substrates for OGT in vitro. We identify O-GlcNAc sites on histones H2A, H2B, and H4 using mass spectrometry. Finally, we show that histone O-GlcNAcylation changes during mitosis and with heat shock. Taken together, these data show that O-GlcNAc cycles dynamically on histones and can be considered part of the histone code.
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epigenetics | histones I nitially described more than 25 y ago (1), the dynamic and abundant modification of serine (Ser) and threonine (Thr) residues of nuclear and cytoplasmic proteins by single β-N-acetylglucosamine residues (O-GlcNAc) remains difficult to detect and functionally elusive (2, 3) . O-GlcNAc is analogous to phosphorylation in that it is highly dynamic, cycling on and off sites on polypeptides in response to and eliciting specific changes in protein functions, localization, or interactions. O-GlcNAc has extensive crosstalk with phosphorylation (4) . Like phosphorylation, OGlcNAc is highly abundant with a diverse protein and functional distribution. Its donor substrate, UDP-GlcNAc, exists in high intracellular concentrations that are second only to ATP in terms of relative abundance of high-energy small molecules (3) . Unlike phosphorylation, however, in mammals only one gene encodes the enzyme that catalyzes the addition of the sugar O-GlcNAc transferase (OGT), and one gene encodes the enzyme that removes the sugar moiety β-N-acetylglucosaminidase (O-GlcNAcase). Thus far, more than 1,000 different substrates have been identified as targets of these enzymes, ranging from signaling proteins such as kinases and adaptor molecules, structural proteins, and nuclear pore proteins to the transcriptional machinery including RNA polymerase II itself. UDP-GlcNAc, the direct donor substrate for O-GlcNAcylation, is at the nexus of several metabolic pathways: glucose metabolism, amino acid metabolism, nucleotide metabolism, and fatty acid metabolism. Because UDP-GlcNAc is centered around many metabolic pathways and because of the variety of substrates modified, protein O-GlcNAcylation plays a role in the etiology of metabolic diseases such as diabetes, neurodegenerative disorders, and cancer (5-7).
DNA is wound around an octamer of basic proteins called "histones." These core histones are comprised of a tetramer of histone 3 (H3) and histone 4 (H4) and two dimers of histone 2, H2A and H2B (8) . This octamer forms a core domain around which the DNA wraps. Projecting from the nucleosome are the Nterminal histone tails. Histones are modified by a wide variety of posttranslational modifications including phosphorylation, methylation, acetylation, and sumoylation, which regulate both their ability to interact with DNA and their ability to recruit enzymes to remodel local chromatin structure necessary for transcription, replication, repair, recombination, and chromosomal compaction and segregation during mitosis (9, 10) . Although the majority of modification sites have been mapped to the tails, a number of modifications that mediate histone-DNA contacts and histonehistone contacts also have been identified in the core (11) . It has been proposed that these modifications and their various combinations serve as a "code" interpreted by proteins to elicit certain responses.
Mounting evidence suggests that O-GlcNAc plays a critical role in chromatin structure. Kelly et al. (12) demonstrated that a number of chromatin-associated proteins are O-GlcNAcylated. Additionally, immunostaining of Drosophila polytene chromosomes with a lectin that recognizes GlcNAc residues as well as radiolabeling O-GlcNAc moieties with a galactosyltransferase (GalT), which transfers galactose (Gal) to GlcNAc, showed that chromosomes contain many O-GlcNAcylated proteins. Interestingly, detection of O-GlcNAc was intense in the condensed chromatin, whereas the puff regions, indicative of transcriptionally active regions, had less concentrated O-GlcNAc. Moreover, RNA polymerase II and many transcription factors are O-GlcNAcylated (3, 6, (13) (14) (15) . O-GlcNAcylation of transcription factors can affect protein stability as well as its ability to activate transcription (16) (17) (18) . O-GlcNAc directly affects chromatin remodelers, such as mammalian Sin3a (mSin3a), histone deacetylase 1 (HDAC1), and the histone methyltransferase myeloid/lymphoid or mixed-lineage leukemia 5 (MLL5) (19, 20) . Recent studies established that Drosophila OGT is encoded by the Polycomb group (PcG) gene super sex combs (sxc) and that the major sites of O-GlcNAc modification on polytene chromosomes correspond to PcG-binding sites. These studies provide a direct link of O-GlcNAcylation to PcG-mediated gene silencing, important in development, stem cell maintenance, and genomic imprinting (21, 22) . Additionally, ChIP-chip whole-genome tiling arrays in Caenorhabditis elegans demonstrated that O-GlcNAc cycling occurs on chromatin, particularly in promoter regions of genes involved in metabolism, stress, and aging (23) .
Here, we show that histones are modified with O-GlcNAc within the nucleosomal core. This study provides experimental evidence of this highly dynamic posttranslational modification on these evolutionarily conserved proteins.
Results
To show that histones are indeed modified with O-GlcNAc, we acid-extracted histones from HeLa cells and detected O-GlcNAc moieties using a chemoenzymatic approach implementing a mu-tant galactosyltransferase, mGalT1, to tag O-GlcNAc residues with an azido sugar, azide-modified galactosamine (GalNAz). The azido group is further reacted with a biotin alkyne in a Huisgen cycloaddition reaction (24, 25) . O-GlcNAcylated proteins then are detected by blotting with streptavidin-conjugated HRP. This methodology is highly specific, because the mGalT recognizes terminal GlcNAcs with high affinity (26) . Using this approach, we detected bands running at the molecular weight of the histones, suggesting that histones are O-GlcNAcylated (Fig. 1A) . Additionally, we performed a GalT reaction using UDP-[3H]-Gal as the donor substrate and found that acid-extracted histones were enzymatically labeled with 3 H-Gal (Fig. 1B) . Although biotinylation of histones has been reported in the literature (27) , recent evidence suggests that recognition of histones with streptavidin may be artifactual (28) . The reactivity toward histones we observed with streptavidin-HRP was specific to the mGalT lanes; however, we decided to circumvent this possible issue by also using antibodies directed against O-GlcNAc. Therefore, purified core histones were resolved by SDS/PAGE, transferred to nitrocellulose, and probed with the O-GlcNAc antibodies RL2 (29) or CTD 110.6 ( Fig. 1C) (30) . The immunoreactivity of the histones with these antibodies was specific because 1M GlcNAc competed away the signal. Finally, we immunoprecipitated FLAG-tagged constructs of histones expressed in HeLa cells (31) and saw that the exogenously expressed histones also were recognized by an O-GlcNAc antibody (Fig. 1D ). Coincidentally, endogenous histones that coimmunoprecipitated with the FLAG-tagged histones also were O-GlcNAcylated. In addition, the interaction of the endogenous histones with the FLAGtagged histones suggests that the FLAG-tagged histones were incorporated into chromatin successfully. Moreover, histones are in vitro substrates for OGT (Fig. S1) . Thus, by multiple completely independent methods, the data clearly show that histones are, in fact, O-GlcNAcylated.
Next, we determined if differentially acetylated histones are OGlcNAcylated by resolving histones on acetic acid/urea (AU) gels. Urea, which does not affect protein charge, is used as the denaturant. Therefore, modifications that affect the net charge of histones will affect migration through the gel. Increasing acetylation of histones, for example, will retard mobility through the gel (32) . Acid-extracted histones from HeLa cells or from HeLa cells treated with the histone deacetylase inhibitor sodium butyrate were separated in the first dimension by AU gel electrophoresis and in the second dimension by SDS/PAGE. Blotting with an O-GlcNAc-specific antibody showed that the O-GlcNAc modification exists in conjunction with acetylation ( Fig. 1E ). These blots were stripped and reprobed with histone H2B for protein loading. Specificity was confirmed using 1 M GlcNAc in competition blots (Fig. 1F) .
Next, we determined where histones are modified to find potential clues about the role of the sugar on histones. Therefore, O-GlcNAc sites were identified on histones isolated from HeLa cells by first enriching for O-GlcNAc-modified tryptic peptides followed by liquid chromatography (LC)-MS/MS. Tryptic peptides first were treated exhaustively with alkaline phosphatase to remove phosphates. Peptides containing O-GlcNAc residues then were labeled enzymatically with GalNAz using mGalT1. The resulting azido sugar was reacted with a biotin alkyne to tag the OGlcNAyclated peptides with biotin. O-GlcNAcylated peptides then were highly enriched by avidin affinity chromatography and washed very stringently so that only peptides containing OGlcNAc would bind specifically. The biotin disaccharide then was subjected to a very mild β-elimination followed by Michael addition with DTT (33), thereby releasing the biotinylated disaccharide from the Ser or Thr residues and adding a DTT marker. Unlike OGlcNAc, DTT is stable to collision-induced dissociation (CID), and its location is readily determined by standard (i.e., CID) MS (33) . This approach is highly specific for O-GlcNAc because of (i) the high specificity of the GalT used to attach GalNAz to OGlcNAc; (ii) the exhaustive treatment of the peptides with phosphatase; (iii) the very mild β-elimination conditions, which would not release phosphate effectively; and (iv) the high selectivity of the avidin-biotin chromatography and the stringent washing of the avidin column (33) (34) (35) . Any peptide that contained only a phosphate not released by the phosphatase would not remain bound to the column, and any peptide that contained both a phosphate that was β-eliminated despite the mild conditions and an O-GlcNAc would contain at least two DTT moieties.
Using this approach (a schematic is shown in Fig. S2 ), we identified three sites, Thr101 of H2A, Ser36 of H2B, and Ser47 of H4 (Fig. 2 A-C) . We were able to localize sites of O-GlcNAc modification onto the nucleosome core particle structure (Protein Data Bank code 1KX5) (Fig. 3A) . Ser36 of H2B and Ser47 of H4 are located on the lateral surface of the nucleosome with the main chain of Ser36 of H2B making a direct interaction (Fig. 3D) and Ser47 of H4 making an indirect interaction with DNA ( Fig. 3B ) (8, 36, 37) . Ser36 of H2B delineates the N-terminal tail from the nucleosomal core. Ser47 of H4, however, lies in loop 1 within the histone-fold domain. Thr101 of H2A resides in the C-terminal tail domain, which serves as a docking domain for the H3/H4 tetramer, stabilizing the histone-fold domains (Fig. 3C) (8) .
To verify further the identified O-GlcNAc sites, we generated site-directed mutants [Ser/Thr-to-alanine (Ala)] for each individual site, immunoprecipitated the overexpressed site mutants from HeLa cells, and probed with an O-GlcNAc antibody. A modest decrease in O-GlcNAc levels was observed on each Ala mutant as compared with wild type, further confirming that these sites are O-GlcNAcylated in vivo (Fig. 3 E-G) and further indicating that other sites remain to be identified. There now are many known proteins in which O-GlcNAc and phosphate compete reciprocally for the same site on proteins (3). Here, all three sites also are known phosphorylation sites, although functional significance for phosphorylation has been identified only for Ser36 of H2B (Ser33 of H2B in Drosophila) (38) (39) (40) (41) . H2B is phosphorylated at this site by TATA box binding protein (TBP) associated factor 1 (TAF1). Phosphorylated H2B is found in promoters of some genes that regulate the G2 to M-phase transition, suggesting that H2B phosphorylation could regulate cell-cycle progression (39) .
With the recent identification of the H2B kinase TAF1, we investigated whether knocking down TAF1 levels could elevate O-GlcNAc on this site. Therefore, we transfected HeLa cells with either H2B or H2B S36A with control or TAF1 siRNA. We immunoprecipitated with anti-FLAG-agarose and blotted for OGlcNAc; however, there did not seem to be an increase in H2B O-GlcNAcylation in the TAF1-knockdown cells (Fig. S4A) . This observation coupled with the low expression levels of FLAG-H2B S36E (Fig. S4C) suggests that phosphorylation at this site by TAF1 must be tightly regulated to prevent premature entry into mitosis and that O-GlcNAcylation at this site might add another degree of regulation; however, we could not assess this hypothesis directly without an available phospho-specific antibody.
We then determined whether we could detect changes in histone O-GlcNAcylation in vivo. We chose two different cellular states in which both O-GlcNAc and histone modifications are known to change dramatically. Global O-GlcNAcylation levels have been shown to decrease during mitosis and to return to basal levels once cells re-enter G1 (42) . Moreover, recent proteomic analysis revealed that many posttranslational modifications found on histones are cell-cycle dependent (43) . To determine whether histone O-GlcNAcylation also changes during mitosis, we extracted histones from HeLa cells synchronized in early M, late M, and early G1 to analyze their O-GlcNAc content by immunoblotting. O-GlcNAc levels on histones decreased during mitosis and subsequently returned to basal levels in G1 (Fig. S4C) , with histone H3 being the most affected (Fig. S4C) . In nucleo OGT assays also demonstrate that OGT activity toward histones decreases during mitosis (Fig. S4D) .
Conditions of cellular stress dramatically change global protein O-GlcNAcylation (44, 45) . One of the most primitive forms of stress, heat stress, elicits an evolutionarily conserved response. We stressed HeLa cells for 1 h at 45°C and allowed them to recover at 37°C for the indicated times. O-GlcNAc levels on histones increased during the recovery after heat shock (Fig. 4A) . As a positive control, we also probed for heat shock factor 1 (HSF1), which becomes hyperphosphorylated upon heat shock, causing a mobility shift (46) . We then determined what changes occurred in OGT activity after heat shock. First, we isolated nuclei from cells treated as above and performed in nucleo OGT assays by incubating nuclei in the presence of 3 H-UDP-GlcNAc (Fig. 4B) . Although there was no increase in OGT activity during the recovery period, there was an ≈50% decrease in endogenous OGT activity toward the histones immediately after heat shock (Fig.  4C) . Interestingly, in this assay, the major targets for OGT appeared to be histone H2A and H4. It is possible that the permeabilization technique we used prevented an accessory factor from correctly targeting OGT to recognize H3 and H2B, and, in fact, several studies have demonstrated that OGT uses interacting partners to recognize specific substrates (47, 48) . We also determined OGT-specific activity by immunoprecipitating OGT from control cells, heat-shocked cells, and heat-shocked cells that had been allowed to recover for 1 h at 37°C and performing in vitro OGT assays using a casein kinase II (CK2) peptide as substrate. We could not detect any difference in OGT-specific activity immediately after heat shock, but, as has been reported previously, we detected a slight increase in OGT-specific activity upon recovery (44) .
To determine a possible functional consequence for increased histone O-GlcNAcylation during recovery after heat shock, we performed micrococcal nuclease (MNase) chromatin-sensitivity assays. After 1 h heat shock, chromatin appeared more condensed, as evidenced by the generation of fewer monosomes (Fig. 5A , Control vs. 0 min recovery). This observation has been reported previously by others after staining whole cells with DAPI and visualizing areas of highly condensed chromatin in heat-shocked cells by microscopy (49) . After recovery for 1 h, MNase digestion revealed that the chromatin had condensed even further (Fig.  5A) , correlating with increased histone O-GlcNAcylation.
To determine the effects of OGT overexpression on chromatin architecture, we overexpressed GFP or OGT in HeLa cells and subjected the cells to a thermal challenge of 45°C for 1 h with recovery at 37°C for indicated times. Although we did not observe any differences in HSF1 activation (Fig. 5B, Lower) , we observed increased histone O-GlcNAcylation with OGT overexpression, as would be expected. Moreover, when probing for acetylated lysine (Lys), a histone mark that decreases during heat shock and during stress (49, 50), we saw that under control conditions histone acetylation decreased with heat shock. However, in cells overexpressing OGT, overall levels of Lys acetylation were depressed under control conditions and increased during the recovery phase after heat shock (Fig. 5B, Upper) . When we compared chromatin condensation by MNase digestion, cells overexpressing OGT were consistently less sensitive to digestion, a result suggesting greater DNA compaction than in cells overexpressing GFP.
Discussion
Here we have demonstrated that histones are O-GlcNAcylated. Additionally, we have mapped three O-GlcNAc sites on histones: Thr101 of H2A, Ser36 of H2B, and Ser47 of H4. Although we did not identify any sites on histone H3, its reactivity with O-GlcNAcspecific antibodies suggests that it also bears O-GlcNAc. Also, mutation of the mapped Ser or Thr to Ala on the other three histones only partially diminished reactivity with an O-GlcNAc antibody, suggesting that more sites remain to be identified. Although we were able to map O-GlcNAc sites only to previously identified phosphorylation sites, this observation does not preclude the possibility that there are Ser or Thr residues that are OGlcNAcylated only in vivo. NMR studies with O-GlcNAcylated and/or phosphorylated peptides from estrogen receptor β, from the heptad repeat from the C-terminal domain of RNA polymerase II, and from the microtubule-binding protein tau indicate that although phosphorylated peptides form an extended structure, O-GlcNAcylated peptides tend to form a β-turn (51) (52) (53) . With these studies in mind, we suggest that O-GlcNAcylation could induce major changes in nucleosomal structure not only by regulating peptide backbone conformation but also because of its sheer size. O-GlcNAcylation at Ser36 of H2B and at Ser47 of H4 could regulate histone tail dynamics, because these serines are located near the lateral surface, making direct (Ser36 of H2B) or indirect (Ser47 of H4) contacts with DNA. In fact, mutation of Ser47 of H4 to cysteine (Cys) in yeast displayed a switch/sucrose nonfermentable (Swi/Snf)-independent (Sin) phenotype; that is, they did not require the presence of the Swi-Snf complex in the activation of Swi-Snf genes (54) . Moreover, mutation at this Ser also induced a slow-growth phenotype and sensitivity to the DNA-damaging agent hydroxyurea (54, 55) .
The physiological relevance of histone O-GlcNAyclation can extend to a multitude of aspects, from normal cellular function to deviant function associated with disease states. Histone modifications, accompanied by the chromatin architecture that they encode, are responsible for the transcriptional profile that determines cell lineage, as in differentiation of pluripotent ES cells to terminally differentiated daughter cells (56) , as well as cell response to extracellular stimuli such as growth factors or stress (57) . In fact, the emerging role of O-GlcNAc and OGT in differentiation and development (21, 58, 59 ) is supported further by the absolute requirement of mouse ES cells for OGT (60) . Additionally, because of the various types of modifications that histones can undergo, the nucleosome itself serves as a metabolic sensor of cellular state that can be related directly to gene expression (61) . Histone acetyltransferases, for example, use acetyl-CoA, which is sensitive to fatty acid oxidation, as a donor substrate, whereas the histone deacetylase sirtuin 1 (SIRT1) is activated by an increase in the NAD + /NADH ratio (62) . It has been proposed that O-GlcNAc is a total-cell metabolic sensor because UDP-GlcNAc, the donor substrate for OGT, is at the center of many metabolic pathways (63) and directly affects the levels of protein O-GlcNAcylation.
Of note, our studies show that histone O-GlcNAcylation increases with heat shock and that this increase is concomitant with DNA condensation. Interestingly, hyperthermia has been shown to sensitize tumor cells to radiotherapy. Although the mechanism for this sensitization has not been elucidated, it has been suggested that prior treatment with heat affects the cellular response to DNA damage induced by ionizing radiation (64) . Our observations suggest that changes in histone O-GlcNAcylation might be another potential mechanism for radiosensitization.
Even with the numerous studies attempting to elucidate the histone code, we still are deciphering the many nuances associated with each posttranslational modification, singly and in combination. With the addition of O-GlcNAc to this repertoire of modifications, the combinatorial array of histone modifications has increased greatly.
Materials and Methods
A detailed discussion of materials and methods is given in SI Materials and Methods.
Purification of Histones. Histones were either acid extracted or purified by hydroxylapatite chromatography as outlined in SI Materials and Methods.
MS.
A detailed protocol for preparation of samples for MS and subsequent data analysis is provided in SI Materials and Methods.
GalT Assays, OGT Assays, and MNase Chromain Accessibility Assays. These assays were performed as described in SI Materials and Methods.
Western Blotting and Immunoprecipiation. A detailed protocol is provided in SI Materials and Methods.
Statistical Analysis. All experiments were performed on at least three separate occasions (n ≥ 3). In all figures, error bars represent SE. P values were calculated using the paired two-tailed Student's t test.
